Borovac J, Barker RS, Rievaj J, Rasmussen A, Pan W, Wevrick R, Alexander RT. Claudin-4 forms a paracellular barrier, revealing the interdependence of claudin expression in the loose epithelial cell culture model opossum kidney cells.
TRANSEPITHELIAL ION TRANSPORT occurs via either a transcellular or paracellular pathway. Although transcellular transport has been extensively studied, comparatively little is known about the driving forces, rates, and regulation of paracellular transport processes. The importance of paracellular transport is becoming increasingly apparent, especially across renal and intestinal epithelia. In the kidney, paracellular transport permits the reabsorption of water along with ions including sodium (Na ϩ ), chloride (Cl Ϫ ), calcium, and magnesium (15, 20) . Ion flux across these and other epithelia is dependent on the presence and distribution of a family of tight junction proteins called claudins. At least 27 mammalian claudin isoforms have been identified to date (32) . Some are considered to be "barrier forming," while others are "pore forming," depending on the effect of their overexpression on transepithelial resistance (TER) (33) .
Claudin-4 is of particular interest. It is expressed in intestinal epithelia of the duodenum and colon as well as the thin ascending limb and collecting duct of the renal tubule (3, 26) . Its expression has also been reported in human distal convoluted tubule (25) and rabbit proximal convoluted tubule (36) . The specific paracellular permeability characteristics conferred by claudin-4 are unclear and in some cases contradictory (18, 21, 40, 41) . Claudin-4 is most often considered a barrier forming claudin because its overexpression increases TER in Madin-Darby canine kidney (MDCK) and LLCPK cells (40, 41) . Claudin-4 has also been reported to be "anion selective," most likely due to a lysine residue (K65) in its first extracellular loop (9, 21) . This intrinsic preference for anions (permselectivity) could be achieved by either the obstruction of cation flux or promotion of anion flux. Claudin-4 overexpression in MDCK cells decreases Na ϩ permeability (40, 41) . This finding was confirmed by RNA interference, where the knockdown of endogenous claudin-4 in MDCK cells increases Na ϩ permeability (18) . In LLCPK cells, claudin-4 acts as a Cl Ϫ pore, its knockdown resulting in a significant drop in Cl Ϫ flux (18) . Another investigation employing mouse cortical collecting duct cells supports this finding, as the knockdown of claudin-4 decreased Cl Ϫ permeability (21) . Surprisingly, both these RNA interference studies found that TER increased in the absence of claudin-4 (18, 21) . These conflicting results bring into question whether the permselectivity properties measured after overexpressing or knocking down a claudin are conferred directly via that isoform or by a perturbation in the expression of endogenous isoforms present in the model system used.
Most studies examining the effect of claudins on paracellular permeability employ either MDCK or LLCPK cells. Unfortunately, the expression of endogenous claudin isoforms has not been exhaustively characterized in either model system, making the assessment of perturbations in other claudin expression difficult (41) . Moreover, neither LLCPK cells nor MDCK cells are representative of very loose epithelia. LLCPK cells have a TER of ϳ100 ⍀·cm 2 and MDCKII cells ϳ40 -45 ⍀·cm 2 (41) . In contrast, MDCKI cells have a TER in the range of ϳ3,000 ⍀·cm 2 (17) . Existing model systems of very loose epithelia include OK cells (opossum), NRK-52E (rat), HK2 (human), and HRPTE (human) cells. The latter two cell systems are not suitable for studying paracellular fluxes because even after 2 wk in culture, HK2 and HRPTE cells fail to form tight junctions (35) . Thus either OK or NRK-52E cells are a preferred model of a low resistance epithelia. We chose to use OK cells because the opossum genome has been sequenced and this cell line demonstrates a very low TER (29) . OK cells were derived from the proximal tubule, a very loose epithelium. Moreover, they have been frequently used to investigate Na-H exchanger isoform 3 (NHE3) function, the predominant apical proximal tubular isoform, as they express NHE3 (2, 5, 6) . However, the type and nature of the tight junction are incompletely characterized in OK cells.
We therefore characterized OK cells and found that they are slightly cation selective and have a very low TER. After identifying the claudins expressed in this cell line, we overexpressed claudin-4, an endogenous isoform and knocked it down. This revealed that it forms a paracellular barrier. Overexpression of claudin-2, which is not endogenously expressed, decreased TER. Manipulation of claudin expression in this model system caused significant alterations in the expression of endogenous claudins, inferring a tight coupling of claudin expression in OK cells.
MATERIALS AND METHODS

Antibodies.
The following primary antibodies were employed: rabbit polyclonal anti-claudin-4 (Thermo Scientific, Waltham, MA), mouse anti-HA (16B12; Covance, Mississauga, ON, Canada), and rabbit anti-zona occludens-1 (anti-ZO-1; Invitrogen, Carlsbad, CA). Secondary antibodies used were as follows: horseradish peroxidase conjugated donkey anti-rabbit and goat anti-mouse (Santa Cruz Biotechnology, Santa Cruz, CA) as well as DyLight 488 conjugated AffiniPure donkey anti-rabbit and DyLight 549 conjugated AffiniPure donkey anti-mouse (Jackson ImmunoResearch Laboratories, West Grove, PA).
Cell culture and stable cell lines. All cell lines were originally obtained from ATCC (Rockville, MD). OK and LLC-PK 1 cells were maintained in DMEM/F-12 medium, supplemented with 10% FBS and 5% penicillin streptomycin glutamine at 37°C in a 5% CO2 incubator. HEK 293 and MDCKII cells were maintained in DMEM, containing 10% FBS and 5% penicillin streptomycin glutamine.
Polyclonal stable cell lines expressing claudin-4HA, mouse claudin-2HA (see below for construction details), and pcDNA3.1 ϩ (Invitrogen) were created by transfecting plasmid DNA into OK cells with Fugene 6 and then selecting for transfected cells with G418 (Invitrogen). To make monoclonal stable cell lines, the polyclonal stable cells were plated with limiting dilutions so that individual colonies could be selected and grown to confluence in the presence of G418. Expression of claudin-2 and claudin-4 in individual stable cell lines was confirmed by immunofluorescence microscopy, immunoblot, and quantitative RT-PCR.
RNAi knockdown. Claudin-4 knockdown was performed in monoclonal stable cell lines expressing claudin-4HA and pcDNA 3.1 ϩ . Two different small interfering (si)RNA sequences against the opossum claudin-4 sequence cloned (see below and Fig. 6 ) were designed using Thermo Scientific Dharmacon RNAi Technologies siDESIGN center software and then synthesized (Dharmacon, Lafayette, CO). The sequences were as follows: #1 5=-AUG GUC UUG GCC UUG GAG GUU-3= and #2 5=-UCA UCC ACA GGC CCU AUU-3=. As a control, each sequence was scrambled using GenScript software (GenScript, Piscataway, NJ): scrambled #1 5=-AGG CUC AUG CGG UUG UGG UUU-3= and scrambled #2 5=-GCU CUA ACA CCC UCC AGC CUU-3=. The cells were seeded at 6 ϫ 10 5 cells/snapwell insert for Ussing chamber experiments or into each well of a six-well plate for RT PCR (details below) and transfected with 200 nM scrambled siRNA or claudin-4 siRNA using Oligofectamine (Invitrogen) according to the manufacturer's protocol. Ninety-six hours posttransfection, the cells were collected for RT-PCR or mounted in Ussing Chambers for dilution potential studies.
Immunohistochemistry. For transient transfections, OK cells were seeded on glass coverslips, transfected with pcDNA 3.1 ϩ or claudin-4HA using Fugene 6, and then fixed using 4% paraformaldehyde 24 h later. The stable cell lines were plated and allowed to reach confluence before immunofluorescence studies (Ͼ5 days). Before incubation with antibodies, the cells were washed three times with PBS containing 1 mM CaCl2 and 1 mM MgCl2, fixed with 4% paraformaldehyde, quenched with 5% glycine in PBS, and then permeabilized with 0.2% Triton-X100 and blocked with 5% milk in PBS. Antibodies and DAPI were applied at a dilution of 1:500 in 5% milk in PBS for 1 h at room temperature. Finally, the samples were mounted with Dako (Glostrup, Two sets of primers were used for each claudin isoform, generated from the NCBI sequence of Monodelphis domestica. A dashed line instead of the second set of primers indicates that only one set of primers was necessary to identify expression of that particular claudin. Denmark) and analyzed using a custom assembled spinning disc confocal microscope detailed by Jaumouille et al. (23) .
Immunoblotting. HEK 293 cells (plated at 3 ϫ 10 6 cells/10 cm dish) were transfected with pcDNA 3.1 ϩ or claudin-4HA and then harvested after 48 h using the protocol described below. Cells were resuspended in 400 l of SDS-PAGE sample buffer containing 4.6% SDS, 0.02% bromphenol blue, 20% glycerol, 2% 2-ME, 130 mM Tris·HCl pH 6.8, and a protease inhibitor cocktail (Calbiochem, Gibbstown, NJ) and then mechanically sheared by passing through a 23-gauge needle. The lysates were subjected to SDS-PAGE under denaturing conditions and then transferred to a nitrocellulose membrane. Before incubation with the antibodies, the membrane was blocked overnight with 5% milk in TBS and 0.1% Tween 20. Primary antibodies (1:1,000) were applied at 4°C overnight, followed by a 2-h incubation with horseradish peroxidase-coupled secondary antibodies (1:5,000) at room temperature. Proteins were detected with Western Lightning Plus ECL reagents (PerkinElmer, Boston, MA) and visualized using a Kodak Image Station 440CF (Kodak, Rochester, NY).
Detection of endogenously expressed claudins by PCR. To examine claudin expression in OK cell cDNA, two sets of degenerate PCR primers for each claudin gene were designed based on the NCBI sequence of the Monodelphis domestica opossum (31) ( Table 1 ). This approach was necessary as OK cells were derived from Didelphis virginiana (27) and therefore contain intrinsic genetic differences. Three different templates were utilized for PCR: genomic DNA (extracted directly from OK cells), cDNA (generated by reverse transcription of OK cell RNA isolated 5 days after plating), and no reverse transcriptase cDNA (generated as per cDNA but without the addition of reverse transcriptase). A 1.5% agarose gel was used to analyze which claudins are expressed based on the amplification of the appropriate size product from cDNA. The presence of each claudin detected was confirmed by cloning it from this cDNA.
Cloning and plasmid construction. pcDNA 3.1 ϩ (Invitrogen) and pGEM-T Easy (Promega, Madison WI) vectors were utilized to Claudin-1 5=-ATG GCC AAC GCG TTG-3= 5=-TCA CAC ATA GTC CTT TCC ACT GGA GG-3=
Claudin-2 5=-CGC GGA TCC GCC ACC ATG GCC TCC CTT GGC GTT-3=
(BamHI site) 5=-CCG GAA TTC TCA CGC ATA GTC AGG AAC ATC GTA TGG GTA CAC ATA CCC AGT CAG GCT G-3=
(EcoRI site)
Claudin-4 5=-CGC GGA TCC GCC ACC ATG GGG TCC ATG GGG CTCC-3=
(BamHI site) 5=-CCG GAA TTC TCA CGC ATA GTC AGG AAC ATC GTA TGG GTA CAC GTA GTT GCT GGT AGG GGC-3= (EcoRI site)
Claudin-6 5=-ATG GCT TCT GCC GGC CTC C-3= 5=-TTA TAC ATA ATT CTT GGC CTG GTA CTC AG-3=
Claudin-9 5=-CGG GGT ACC GCC ACC atg GCT TCA GCT GGG CTG G-3= (KpnI site) 5=-GGA ATT CTC ACG CAT AGT CAG GAA CAT CGT ATG GGT ACA CAT AAT CCC GTT TGT CCA GG-3= (EcoRI site)
Claudin-11 5=-CGC GGA TCC atg GTT GCC ACT TGC CTG C-3=
(BamHI site) 5=-CCG GAA TTC TCA CGC ATA GTC AGG AAC ATC GTA TGG GTA TAC GTG GGC ACT CTT GGC G-3=
Claudin-12 5=-CGC GGA TCC GCC ACC ATG GGT TGT CGG GAT GTC cAT GC-3= generate constructs containing the claudin genes we found to be expressed in OK cell cDNA. We also cloned GAPDH. All sequences were cloned by PCR, using homologous primers to the Monodelphis domestica or Mus musculus (claudin-2) sequence found in the NCBI database. For claudins-2, -4, -9 (variant 1), -11, -12, and GAPDH, the PCR product was shuttled directly into pcDNA 3.1 ϩ . For these constructs, a Kozak (28) sequence was introduced between the restriction site and the coding sequence in the 5=-primer (except for claudin-11 and GAPDH) and an HA tag was inserted before the stop sequence in the 3=-primer. The genes were amplified by PCR from the OK cell cDNA library or mouse kidney cDNA (for mouse claudin-2) using primers with unique restriction enzyme sites (Table 2) . PCR products were then digested with enzymes corresponding to the unique restriction sites and ligated into the pcDNA 3.1 ϩ vector that was previously linearized using the same restriction enzymes. The gene in each construct was sequenced and compared with the Monodelphis domestica sequence using the Emboss Pairwise Alignment tool (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html) (for claudin-4 sequence comparison refer to Fig. 6 ).
For the cloning of claudin-1, -6, -15, and -20, primers without an HA tag or restriction sites were designed corresponding to the extreme 5=-and 3=-coding sequence (Table 2) . PCR was performed using these primers and products were inserted into pGEM-T Easy by ligation. Each gene was sequenced and compared with the corresponding sequence from the Monodelphis domestica opossum. We were only able to clone a truncated version of claudin-15 from the Didelphis virginiana opossum cDNA generated (data not shown). All sequences obtained were deposited into the GenBank Database.
Real-time PCR. RNA was isolated from OK cells (seeded at 3 ϫ 10 6 /10 cm dish and harvested at day 5) using a Qiagen RNA isolation kit. For RT-PCR experiments on cells after siRNA knockdown, RNA was isolated by the same means; however, cells were seeded at 6 ϫ 10 5 and they were collected 96 h after transfection. Random primers, SuperScript II reverse transcriptase (Invitrogen), and 1 g of RNA were used to generate cDNA that was then employed to quantify the expression of each claudin gene and the GAPDH gene. This experiment was performed in triplicate. IDT software (Integrated DNA Technologies, San Diego, CA) was used to design Taqman real-time PCR primers and probes, based on the cloned sequences of the Didelphis virginiana opossum claudins (Table 3) . To determine the absolute claudin expression, plasmid standards of each of the previously described claudin constructs were diluted into concentrations ranging from 0.000002 to 2 pg/l and used to generate standard curves corresponding to each gene. A linear relationship was established between copies of claudin and fluorescence intensity, which was then used to calculate the copies of each claudin in the experimental OK cDNA samples. To compare the expression levels of claudins between different stable cell lines, standards were generated by dilution of control cDNA and the quantity of claudin expression was normalized to GAPDH for each cDNA sample. Expression levels were quantified using an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems, Foster City, CA). Electrophysiology: Ussing chambers. Opossum kidney cells and stable cell lines were seeded at 1 ϫ 10 5 cells on six-well Snapwell inserts (Corning, NY) and grown to confluence (day 5). For claudin-4 knockdown experiments, cells were seeded at 6 ϫ 10 5 and mounted 96 h after transfection. Ussing Chamber studies were carried out with slight modifications to published procedures (7, 16, 19, 20, 40) . Initially, we corrected for baseline conditions of empty Ussing chambers with buffer A (145 mM NaCl, 1 mM CaCl 2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4) at 37°C. The Snapwell inserts with confluent OK monolayers were washed three times using buffer A and then mounted between the two hemichambers, both of which were filled with 10 ml of buffer A. Current clamps were performed using a DVC 1000 I/V clamp (World Precision Instruments, Sarasota, FL) and electrodes containing an agarose bridge with 3 M KCl. Data were acquired as a trace and recorded using PowerLab (ADInstruments, Colorado Springs, CO) running Chart 4.0 software. To determine the TER and permeability properties of the epithelia, a 90-A current was applied across each monolayer and a dilution potential was induced by replacing buffer A in the apical hemichamber with buffer B (80 mM NaCl, 130 mM mannitol, 1 mM CaCl 2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4). The osmolality of the buffers, measured using an Advanced Osmometer model 3D3 (Advanced Instruments, Norwood, MA) was 310 Ϯ 10 mmol/kgH 20. TER measured was quite small (11 Ϯ 1 ⍀·cm 2 ), and the variation in the intrinsic resistance of Snapwell filters was considerable, relative to the low resistance of the confluent monolayer. To eliminate this variability, the dilution potential and resistance of each filter were determined following removal of the cells by trypsinization (30 min at 37°C), and this measurement was subtracted from the values generated by that specific filter with cells grown on it. Dilution potentials were therefore corrected for changes in liquid junction potentials by subtracting the dilution potential of an empty filter, as has commonly been done by others (7, 16, 19, 20) . The Goldman-Hodgkin Katz and Kimizuka Koketsu (24) equations were used, as described previously (19) , to calculate the absolute permeability of sodium and chloride and to determine the relative permeability of sodium to chloride (P Na/PCl) ratio. The permeability of K ϩ , Li ϩ , Cs ϩ , Rb ϩ , I Ϫ , and Br Ϫ was obtained by the same protocol, except NaCl was substituted for an equimolar concentration of KCl, LiCl, CsCl, RbCl, NaI, or NaBr in both buffers A and B. Osmolality of these buffers were similar to the Na ϩ containing buffers.
To estimate the contribution of changes in paracellular and transcellular resistance to the increase in TER after claudin-4 overexpression, we used a modified "membrane permeabilization method" originally developed by Wills et al. (42) . Inserts with OK cells stably expressing pcDNA or claudin-4HA were mounted in the Ussing chamber as described above. The chamber was perfused bilaterally with 10 ml of Ringer solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4 at 37°C. Inserts were voltage clamped at 0 mV, and the shortcircuit current (Isc) was recorded. TER was determined by introducing positive voltage pulses, lasting 3.5 s every 40 s, across the monolayer (the resistance of the blank insert was subtracted from the TER measured). Once I sc and resistance were steady, the apical solution was exchanged for a "high potassium," Ringer's solution containing: 10 mM NaCl, 135 mM KCl, 2 mM CaCl 2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4, to depolarize the apical membrane. The voltage clamp was compensated for changes in liquid junction potential according to values obtained by making similar measurements with blank inserts. The magnitude of pulses applied was adjusted based on the TER of each insert so as to maintain the I sc between 25 and 45 A. Immediately after the Isc and resistance stabilized, the ionophore was added to the apical compartment of the chamber. We chose to use gramicidin to obviate the need of matching our buffer to the intracellular chloride concentration. A stock solution of gramicidin (Sigma, St. Louis, MO) at a concentration of 100 mg/ml was prepared in 70% ethanol shortly before the experiment. Two microliters of stock solution were added to the apical compartment of the chamber every 90 s, four times, increasing the gramicidin concentration in the apical compartment from 0 to 80 g/ml in 20 g/ml increments. While equivalent amounts of ethanol had no effect on I sc (data not shown), gramicidin caused an increase in Isc as well as a modest decrease in TER. The first eight TER and Isc measurements after the beginning of the Isc increase as well as the last measurement before the Isc began to increase were used to plot Gep (ϭ1/TER) vs. Isc. These data were then fit with a linear equation Gep ϭ Isc/Eb ϩ Gpar, where Eb is the electromotive force of the basolateral membrane and Gpar is the paracellular conductance (for each insert, R 2 Ͼ 0.96). Dilution potentials (DP) and calculated permeability ratios of OK cells on semipermeable membranes and of just the semipermeable membranes measured from Ussing chamber DP experiments using NaCl, KCl, CsCl, LiCl, RbCl, NaBr, and NaI buffers; n ϭ 8 for all except CsCl (n ϭ 7) and NaBr (n ϭ 4). Gpar was calculated by solving for the y intercept. Transcellular conductance (Gtrans ϭ Isc/Eb) was then determined by solving the equation Gtrans ϭ Gep Ϫ Gpar for the Gep value before the addition of gramicidin. The differences in total (⌬Gep), transcellular (⌬Gtrans), and paracellular (⌬Gpar) conductance caused by overexpression of claudin-4 were calculated as the difference between the conductance obtained for inserts transfected with claudin-4 and those transfected with empty vector. To confirm that ion flux was moving via a paracellular pathway we reversed the driving force for ion flux. To this end, the dilution potential experiment was performed exactly as described above, except that buffer B was added to the basolateral rather than the apical compartment. The dilution potential recording obtained was then used in our calculation of the P Na/PCl ratio. To ensure ion flux was occurring via a paracellular pathway, we performed a further experiment. We added 100 nM ouabain (Sigma) to the basolateral compartment for 20 min before performing dilution potential measurements to eliminate transcellular flux across the epithelium by blocking the sodium-potassium ATPase. The pretreated cells were then subjected to the same Ussing chamber experiment described above.
Statistical analysis. Data are reported as means Ϯ SE. Statistical significance was analyzed with Student's t-test and values Ͻ0.05 were considered significant.
RESULTS
OK cells form loose, slightly cation selective tight junctions.
To visualize whether confluent monolayers of OK cells form cell-to-cell contacts, they were immunostained with an anti-ZO-1 antibody that detects a tight junction associated polypeptide (Fig. 1A) . We observed linear staining at cell-to-cell contacts, suggesting that OK cells do form tight junctions. We then examined the electrophysiological characteristics of this junction. Confluent monolayers of OK cells were mounted in Ussing Chambers and subjected to increasing current pulses (from Ϫ180 to ϩ180 A). Consistent with OK cells having a low resistance tight junction, we observed a slight linear increase in the recorded voltage (Fig. 1B) . Ussing Chambers were also employed to perform dilution potential measurements. Under iso-osmolar conditions induced by adjusting the concentration of NaCl in each hemichamber, we imposed increasing dilution factors across the monolayer and recorded the potential difference (V) generated. We found that the dilution factor imposed correlated linearly with the dilution potential measured across the monolayer (Fig. 1C) .
To assess the validity of our results and compare them with other model systems, we measured TER and performed dilution potential studies on MDCKII and LLC-PK 1 cells, along with the OK cells (Fig. 2) (Fig. 2D) . Thus, compared with the previously described LLC-PK 1 and MDCKII cells, OK cells have a low TER ( Fig. 2A) , are slightly cation selective (Fig.  2B) , and have relatively high Cl Ϫ and Na ϩ permeability (Fig.  2, C and D) . To ensure that ion flux across OK cell monolayers was occurring via the paracellular pathway, we diluted the basolateral compartment thereby reversing ion flux across the monolayer. We measured an identical P Na /P Cl ratio, 1.10 Ϯ 0.01, when this was done. Similarly, the elimination of transcellular flux, by pretreating with 100 nM ouabain, resulted in a P Na /P Cl ratio of 1.11 Ϯ 0.01, which was not significantly different from the P Na /P Cl ratio of untreated OK cells.
To delineate the permeability profile of OK cell tight junctions, we performed dilution potential measurements with other monovalent ions ( (Fig. 3, A and B) . Next, we turned our attention to identifying the molecular determinants of tight junction selectivity properties in this cell model.
OK cells endogenously express claudins-1, -4, -6, -9, -11, -12, -15, and -20.
To determine the endogenous expression of claudins in OK cells, we generated a cDNA library from confluent cell monolayers. We then created two sets of degenerate primers, targeting a single exon for each claudin isoform, using the NCBI sequence of the Monodelphis domestica (31) opossum (note OK cells were generated from a different species of opossum, Didelphis virginiana; Ref. 27) . Employing these primers, we performed PCR on genomic DNA to test the primer set integrity, cDNA to determine expression of each claudin, and cDNA generated in the absence of reverse transcriptase to ensure that genomic DNA contamination of the cDNA was not providing a false positive result (Fig. 4) . We included a positive control, GAPDH, and found its expression in both genomic DNA and cDNA but not in the template lacking reverse transcriptase. In contrast, expression of our negative control, the lens protein crystallin, was found only in genomic DNA, indicating that our cDNA samples were not contaminated with genomic DNA. Using this methodology, we observed expression of claudins-1, -4, -6, -9, -11, -12, -15, and -20 in OK cell cDNA (Fig. 4) . It is noteworthy that these results were identical to those observed when cDNA from subconfluent monolayers of OK cells was used (results not shown).
To quantify the relative expression of each claudin, we cloned the identified isoforms from the OK cell cDNA library and then performed quantitative real-time PCR. Surprisingly, the claudin that was most abundant in this loose, cationselective epithelial cell line was claudin-4, followed by claudin-1 Ͼ -6 Ͼ -20 Ͼ -9 Ͼ -12 Ͼ -11 Ͼ -15 (Fig. 5) .
Comparison between the Didelphis virginiana claudin-4 sequence obtained and the published Monodelphis domestica sequence is made in Fig. 6 .
Claudin-4 overexpression increases TER without altering P Na /P Cl . We next enquired what function claudin-4, a barrier forming claudin, might play in this loose epithelial model. To this end claudin-4 was shuttled into the mammalian expression vector pcDNA3.1 ϩ and an HA epitope tag inserted at the carboxy terminus. Immunoblot analysis of HEK 293 cells transiently transfected with claudin-4 revealed a 24-kDa band when probed with an anti-HA antibody (Fig. 7A) . This band was not evident when HEK 293 cells were transfected with the empty vector pcDNA 3.1 ϩ . To determine the subcellular localization of claudin-4, we transiently transfected the construct back into OK cells and costained with antibodies against HA and ZO-1. This revealed that claudin-4 colocalized with ZO-1 at the tight junction, confirming appropriate subcellular localization of the construct (Fig. 7B) .
Having confirmed the expression and appropriate subcellular localization, we proceeded to ascertain the effects of claudin-4 overexpression on tight junction electrophysiology. To this end, we generated stable cell lines overexpressing claudin-4 to enable electrophysiological measurements on confluent monolayers. Claudin-4 overexpression was confirmed by real-time PCR, immunoblot, and immunofluorescence microscopy (Fig. 8, A-C) . Importantly, claudin-4 was predominantly localized with ZO-1 at the tight junction.
To explore the electrophysiological changes induced by claudin-4 overexpression, we performed TER and dilution potential measurements in Ussing chambers. We found that overexpression of claudin-4 in each of the individual stable cell lines caused a significant increase in TER compared with empty vector-transfected OK cells (Fig. 8D) . Consistent with this, both Na ϩ and Cl Ϫ permeabilities were significantly decreased in each of the claudin-4 overexpressing lines (Fig. 8, E  and F) . Moreover, the decrease in flux was reduced proportionately, such that the P Na /P Cl ratio was not significantly altered (Fig. 8G) .
To determine whether the increase in TER was due to changes in paracellular or transcellular conductance, we first estimated the paracellular and transcellular conductance across monolayers of OK cells transfected with claudin-4 or the empty vector. This was accomplished by permeabilizing the apical membrane with increasing concentrations of gramicidin. Despite the high concentrations used, gramicidin had only a modest effect on TER (we typically observed 5-6% decrease in TER over the experimental period). Paracellular conductance (G pa ) was the predominant conductance across the monolayer of cells transfected with either claudin-4 or empty vector. Paracellular conductance accounted for Ͼ96% of total conductance (G ep ) in empty vector-transfected and Ͼ95% of G ep in claudin-4-transfected cells (Fig. 8H) . Thus, although expression of claudin-4 caused a decrease in both paracellular and transcellular conductance, the observed difference in total epithelial conductance was overwhelmingly (Ͼ97%) due to a decrease in paracellular conductance (Fig. 8I) .
Claudin-4 overexpression increases expression of claudins-1, -6, and -9.
There are instances where overexpression of a single claudin may alter the expression of other claudin isoforms (7, 43) . Therefore, to ascertain whether the changes observed were due to the altered expression of claudin-4 or secondary to an effect on other claudins, we quantified the expression of the other claudins identified in the OK cell line by real-time PCR. We found no alteration in the level of expression of claudins-11, -12, -15, or -20 between empty vector expressing and claudin-4 overexpressing cell lines. However, we observed a significant increase in endogenously expressed claudin-1, -6, and -9 mRNA in the stable cell lines overexpressing exogenous claudin-4 (Fig. 9) .
Claudin-4 knockdown in cells overexpressing claudin-4 causes a significant drop in TER without significantly altering the expression of other claudins.
In an attempt to dissect out the specific role of claudin-4 in OK cells, we employed siRNA to knockdown claudin-4 then performed Ussing Chamber experiments and determined endogenous claudin expression. There were no significant alterations in TER or absolute Na ϩ or Cl Ϫ permeability across confluent monolayers of OK cells stably expressing pcDNA 3.1 ϩ (the empty vector) when endogenous claudin-4 was knocked down by ϳ64% (Fig. 10, A,  C, and D) . There was a slight decrease in the P Na /P Cl ratio (P ϭ 0.04) when the empty vector expressing cells were treated with siRNA against claudin-4 compared with scrambled siRNA (Fig. 10B) . In contrast, the knockdown of claudin-4 in the cell lines overexpressing claudin-4 caused a significant decrease in TER, as well as a significant, proportional increase in Na ϩ and Cl Ϫ permeability, such that the P Na /P Cl ratio remained unaltered (Fig. 10, A-D) . (Fig. 10, E-I) , making it possible to attribute the electrophysiological effects in the overexpressing cells to claudin-4 knockdown.
Claudin-2 expression in OK cells creates a cation selective pore. Claudin-2 expression has been previously observed in the proximal tubule (11, 25, 36) . Given that we could not detect it in OK cells, a proposed proximal tubule cell culture model, we sought to determine its role in this model system. To this end we generated stable cell lines overexpressing mouse claudin-2 with a carboxy-terminal HA tag. Expression of claudin-2 was Ussing Chamber studies were employed to determine TER (D), absolute permeability to sodium (Na ϩ ; E), absolute permeability to chloride (Cl Ϫ ; F), ratio of sodium to chloride permeability (PNa/PCl; G), relative contribution of paracellular conductance (Gpar), and transcellular conductance (Gtrans) to the total epithelial conductance (Gep; H), and absolute contribution of the changes in paracellular conductance (⌬Gpar) and transcellular conductance (⌬Gtrans) to the change in total epithelial conductance (⌬Gep; I) in OK stable cell lines expressing the empty vector or claudin-4HA. OK stable cell lines overexpressing pcDNA 3.1 ϩ are abbreviated V and represented with black bars, and those overexpressing claudin-4HA are abbreviated Cl4 and represented with white bars. Data are presented as means Ϯ SE; n Ն 3 cell lines for each group. *P value Ͻ 0.05.
confirmed by immunoblot analysis (Fig. 11A) where a 25-kDa band was observed in the stably transfected cells but not the cells expressing the empty vector. Expression was also confirmed by immunofluorescence (Fig. 11B) where colocalization of claudin-2 (HA, red) with the tight junction marker ZO-1 (green) was observed. Ussing chamber experiments utilizing these cells revealed a significant decrease in TER and an increase in both Na ϩ and Cl Ϫ permeability when claudin-2 was overexpressed (Fig. 11, E, and F) . The P Na /P Cl ratio was not significantly altered (Fig. 11D) . Similarly, mRNA levels of claudins-1, -4, -9, -15, and -20 were unaltered in the overexpressing cells, compared with vector-transfected controls (Fig.  11G ). However, the mRNA level of claudin-12 significantly decreased and claudin-6 expression is nearly eliminated by the introduction of claudin-2 into OK cells (Fig. 11G ).
DISCUSSION
We have characterized a very loose epithelial cell culture model and shown that it can be used to study the effect of claudins on paracellular ion transport. OK cells form tight junctions and exhibit low resistance and slight cation selectivity. We observed a linear relationship between voltage and current, as well as between the dilution factor and resulting dilution potential generated. Hence, Ussing chamber dilution potential experiments can be performed successfully on a loose epithelium. The observed electrophysiological characteristics are likely conferred by the expression of endogenous claudins, which ranks claudin-4
The OK cell model system was employed to overexpress claudin-4, a perturbation that led to significantly increased TER (without altering P Na /P Cl ) and increased claudin-1, -6, and -9 mRNA levels. To dissect out the specific role of claudin-4 in OK cells, we knocked it down in the vectortransfected and the claudin-4 overexpressing cell lines. Knockdown of endogenous claudin-4 decreased claudin -1, -9, and -12 expression without significantly altering the resistance or the absolute permeability of Na ϩ and Cl Ϫ . A 64% knockdown of claudin-4 although significant, compared with scrambled RNA treated control, may not have been sufficient to cause electrophysiological alterations. Obvious alterations in electrophysiology occurred only when claudin-4 was knocked down in the overexpressing stables. This did not induce significant differences in the expression of the other endogenous claudins, allowing us to conclude that the decreased TER and increased Na ϩ and Cl Ϫ permeability are due to claudin-4. Thus claudin-4 acts as a barrier in OK cells.
As we were unable to detect claudin-2 in this common proximal tubular cell culture model, we overexpressed it and found decreased TER as well as claudin-12 and -6 expression.
Taken together our results demonstrate that OK cells model the electrophysiological characteristics of the proximal tubule. However, manipulation of claudin expression in this model system significantly alters endogenous claudin expression, suggesting that claudin expression is strongly interdependent in OK cells.
Recent in vivo tubular perfusion studies measured TER across the mouse proximal tubule S2 segment as 11.3 Ϯ 0.4 ⍀·cm 2 and P Na /P Cl to be 1.10 Ϯ 0.02 (34) . This is consistent with the TER measured across the proximal tubule of other species (8, 38) . We measured OK cell TER and P Na /P Cl as 11 Ϯ 1 ⍀·cm 2 and 1.10 Ϯ 0.01, respectively. These values very closely approximate the electrophysiological properties of the proximal tubule S2 segment in vivo (34) . Furthermore, the murine tubular perfusion studies found that K ϩ was the most permeable cation followed by Rb ϩ Ͼ Na ϩ Ͼ Li ϩ Ͼ choline ϩ (relative to Cl Ϫ ). This is identical to the permeability sequence we established for OK cells (K ϩ Ͼ Cs ϩ Ͼ Rb ϩ Ͼ Na ϩ Ͼ Li ϩ ). Therefore, both of these epithelia are associated with Eisenman sequence IV, the permeability sequence corresponding to a pore with a weak field strength binding site (10) . This infers that there is a weak interaction between the pore and monovalent cations permitting cations to permeate the pore largely in their hydrated state. OK cells may therefore be a reasonable cell culture model to explore the paracellular electrophysiological properties of the proximal tubular S2 segment with.
To be able to manipulate the paracellular permselectivity of this model system, we extensively characterized claudin expression in OK cells. This was accomplished via degenerate PCR, examining the expression of all known claudin isoforms. We found the expression of claudin-4, -1, -6, -20, -9, -12, -11, and -15. This low resistance, cation selective epithelial monolayer contained some supposed barrier forming claudins [-1 (14, 22, 30) , -4 (41), -6 (37), and -9 (37)] as well as pore forming, cation selective claudins [-12 (12) and -15 (9, 39) segment. Claudin-6 and -9 expression has also been reported in the proximal tubule of neonatal (but not adult) mice (1). Claudin-12 and -20 expression has not been examined in the proximal tubule to date. The claudins known to be expressed both in the proximal tubule and OK cells are therefore claudins-4, -6, -9, and -11. Regardless of this discrepancy in claudin expression, the identified array of claudins expressed in OK cells form tight junctions with electrophysiological properties very similar to the proximal tubule in vivo.
Claudin-2 has been observed in the proximal tubule of several species (11, 25, 36) . We were therefore surprised that we could not identify it in OK cells, a proximal tubular model. However, a previous study also failed to identify claudin-2 in OK cells (35) . We therefore overexpressed mouse claudin-2 and observed a decreased TER and significantly increased Na ϩ and Cl Ϫ permeability. There was a slight, but insignificant, increase in the P Na /P Cl ratio, suggesting that claudin-2 forms a cation selective pore in OK cells. This has been reported previously in other model systems (4, 12, 13, 41) . Claudin-2 overexpression also decreased claudin-12 expression and eliminated claudin-6 expression almost completely, making it impossible to ascribe the effects on permeability to claudin-2 alone and complicating the use of OK cells as a molecular model of the proximal tubule.
It was surprising to find claudin-4 to be the most highly expressed claudin in our model system, as it has been shown to confer high resistance and anion selectivity to other epithelia in culture (9, 21, 40, 41) . It is interesting to speculate as to why this loose cation selective epithelium is so rich with claudin-4. Perhaps it is the ratio of claudins, or the complex that they form, that dictates the permselectivity of a monolayer? Hence, the presence of other claudins (for example, claudin-12 and -15) may change, offset, or reduce the effect of claudin-4 on the permselectivity of OK cell tight junctions. Consistent with claudin-4 altering paracellular permeability, the increase in TER after claudin-4 overexpression in OK cells was caused overwhelmingly by a decrease in paracellular conductance. However, when claudin-4 is overexpressed in OK cells, neither Cl Ϫ nor Na ϩ permeability was preferentially reduced, such that the P Na /P Cl ratio remains unaltered. This is not the case in MDCK cells, where expression of claudin-4 leads to a selective decrease in Na ϩ flux yet has no effect on Cl Ϫ flux, thereby decreasing the P Na /P Cl ratio (40) . Our findings are also inconsistent with data from LLCPK and cortical collecting duct cells. In these model systems, claudin-4 appears to create a Cl Ϫ permeable pore (18, 21) . Such discrepancies regarding claudin function also exist for claudin-11. The expression of this protein decreases TER in LLCPK cells yet increases TER in MDCK cells (41) .
Conflicting results such as these suggest an effect conferred by the model system where claudin overexpression or knockdown was performed. Claudin expression or knockdown can have variable effects on paracellular permeability characteristics, depending on the background claudin expression profile and charge selectivity of the model system (18, 21, 40, 41) . We therefore examined the effect of claudin-4 overexpression on the expression of endogenous claudins in OK cells and found that claudin-1, -6, and -9 were upregulated. After claudin-4 knockdown in the overexpressing cells, TER was significantly reduced while the expression of claudins-1, -6, and -9 was unaltered. Therefore, in OK cell tight junctions, claudin-4 forms a permeability barrier without altering ion selectivity.
Manipulation of claudin expression in OK cells was complicated by significant changes in endogenous claudin expression. Consistent with this, the knockdown of endogenous claudin-4 significantly altered the expression of claudins-1, -9, and -12. However, there were no significant effects on the resistance and absolute permeability of Na ϩ and Cl Ϫ . Taken together our experiments suggest that claudin expression in this loose epithelial cell culture model is tightly linked, making interpretation of the functional effects of single claudins on paracellular transport in OK cells very difficult.
A limitation of our study is that the protein expression and subcellular localization of endogenous claudins after overexpression or knockdown were not determined, despite trying multiple different antibodies. Further, some of the claudins in the above experiments may interact with each other. This possibility and potential regulatory mechanisms could be explored with our newly characterized model system. In summary, we measured TER and performed dilution potential measurements across confluent monolayers of OK cells and observed that they were a loose, slightly cation selective epithelium. The measurements made were remarkably similar to those measured across the proximal tubule of a variety of species. We proceeded to identify the claudins providing these functional characteristics in this model system. To our surprise claudin-4, a barrier forming claudin was highly expressed and claudin-2 was absent. To validate the model system and provide information about the role of claudin-4 in a loose epithelium, we overexpressed it in OK cells and found that it increased TER but also endogenous claudin-1, -6, and -9 expression. Knockdown of claudin-4 in the overexpressing cells decreased TER without altering endogenous claudin expression, suggesting that claudin-4 forms a barrier in OK cells. Overexpression of claudin-2 decreased TER but also claudin-6 and -12 expression, while knockdown of endogenous claudin-4 had no significant effects on TER but decreased claudin-1, -9, and -12 expression. Together our results infer that claudin expression in this model system is tightly linked.
